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Study of Fluid Effects on
Dynamics of Composite
Structures
This study investigated the effect of fluid-structure interaction on dynamic responses of
submerged composite structures subjected to a mechanical impact loading. The research
was focused on finding various parameters that affected the transient dynamic responses
of the submerged composite structures. To this end, coupled fluid-structure interaction
analyses of composite structures surrounded by a water medium were conducted numeri-
cally for various parametric studies and their results were compared with those of dry
(i.e., in air) structures in order to understand the role of each parameter under study.
Furthermore, modified dry structural models were developed to represent the dynamic
responses of the same structures under water with a reasonable accuracy. Those models
would be beneficial to predict the structural behaviors under water without an expensive
computational or experimental cost. DOI: 10.1115/1.4002377
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Composite materials have been used increasingly for structural
pplications because of their benefits especially their light weight
nd high strength. For instance, current surface ship and subma-
ine construction is progressing toward the use of composite struc-
ures to reduce the weight and bulk of various structures contained
n these vessels. When composite structures are submerged under
ater, their dynamic responses are significantly affected by the
urrounding fluid medium. This is because of fluid-structure inter-
ction FSI. Especially because composite structures are much
ighter than metallic structures, the effect of FSI is expected to be
reater.
The effect of FSI has been studied intensively for metallic
tructures especially for underwater explosive loading. Some of
hose studies are listed in Refs. 1–6. Some of them were experi-
ental studies while others were numerical works. On the other
and, a limited number of studies have been undertaken to study
SI in composite structures subjected to underwater explosion
7–13.
Structural response subjected to shock loading is one of the FSI
henomena. As a result, this study investigated the effects of sur-
ounding fluid on dynamic responses of composite structures sub-
ected to a mechanical impact loading. The research was focused
n finding major parameters that affected the transient dynamic
esponses of the submerged structures. For this purpose, coupled
uid-structure interaction analyses of composite structures under
ater were conducted numerically for various parametric studies
nd their results were compared with those of dry structures in
rder to understand the role of each parameter under study. In
ddition, modified dry structural models were developed to repre-
ent the dynamic response of the same structure under water with
reasonable accuracy. Those modified dry structural models
ould be very beneficial for predicting the submerged structural
ehaviors without using an expensive coupled fluid-structural
nalysis. Furthermore, in most cases, a structural dynamic experi-
ent would be difficult to undertake under water; then, the
quivalent modified dry structures might be utilized instead.
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numerical results and discussion. Conclusions are provided at the
end.
2 Analysis Models
For the finite element analysis, the software called DYTRAN 14
was utilized. In the analysis, composite structures were modeled
using 3D solid elements unless stated otherwise. For example,
composite axial bars, beams, and plates were modeled using 3D
solid elements. Multiple solid elements were used along the thick-
ness direction of those structures in order to represent multiple
layers of laminated composites and their bending responses. This
was computationally expensive because the 3D solid mesh should
be fine enough to represent properly how these structures behave.
However, such a model had an advantage of expressing the com-
posite material characteristics fully as well as the FSI with the
surrounding water medium. The water medium was modeled for a
very large domain in order to simulate the infinite medium. The
nonreflecting boundary conditions were imposed on the outer sur-
faces of the fluid medium. Furthermore, since the composite struc-
ture was located at the center of the large fluid medium and the
dynamic analysis time was relatively short, the effect of any wave
reflected from the fluid boundary due to the imperfect nonreflect-
ing boundary condition was assumed negligible. The fluid mesh
was much greater than the structural mesh because the fluid do-
main was much larger than the structural size and the program
could handle the mismatch of fluid and structural meshes. A typi-
cal composite plate had about 6400 3D Lagrangian solid elements
while the water medium had approximately 100,000 3D Eulerian
fluid elements. These numbers of solid and fluid elements were
selected based on a mesh sensitivity study to achieve a balance
between the accuracy and the computational time.
3 Results and Discussion
Composite materials considered in this study were constructed
of E-glass fiber and vinyl-ester resin. The fiber architecture was a
plain woven cloth. The composite has an inplane elastic modulus
of 17 GPa, transverse elastic modulus of 7.9 GPa, inplane shear
modulus of 6.6 GPa, transverse shear modulus of 2.9 GPa, inplane
Poisson’s ratio of 0.3, transverse Poisson’s ratio of 0.24, and den-
3sity of 2020 kg /m . For a dry structure i.e., in air, there was no



































aval Postgraduate School user on 29 April 2020pecific modeling of the air medium. On the other hand, the water
as modeled with a density of 1000 kg /m3 and bulk modulus of
.2 GPa. Water viscosity was neglected.
The first example cases were axial bars of a square cross-
ection of 0.10.1 m2 and 1 m long. One axial bar was made of
n E-glass/vinyl-ester composite while the other one was made of
teel. Each bar was placed in air making it a dry structure and
ater making it a wet structure, respectively. The dry structure
id not include the surrounding air medium explicitly because it
as negligible. On the other hand, the wet structure included a
ery large size of the surrounding water medium in order to simu-
ate an infinite fluid domain. For each case, the axial bar had an
nitial velocity of unity along the longitudinal direction while one
nd was fixed and the other end was free. Longitudinal vibrations
f the bars were compared between being in air and being in
ater. Figure 1 compares the axial stress at the center of the bar
hen it vibrated in air and under water, respectively. In order to
how the difference in the responses inside the two different me-
ia more clearly, the figure separates the early and later time re-
ponses. As shown in the figure, longitudinal vibration of the com-
osite bar in the water was damped out as time went along
ecause of the FSI effect. On the other hand, Fig. 2 shows the
omparison of longitudinal vibrations of a steel bar between being
n air and being in water. Comparing the steel bar to the composite
ig. 1 Comparison of stresses in the middle of a 3D compos-
te axial bar with free vibration between being in air and being
n water: „a… early time response and „b… later time responsear of the same dimension i.e., Figs. 1 and 2, the composite bar
31301-2 / Vol. 133, JUNE 2011shows a much greater FSI effect because composite density is
much lower than the steel density and is more comparable to the
water density. That is, the surrounding water medium dissipated
the energy from the composite bar much faster than from the steel
bar.
In order to better understand the fluid damping, a simple 1D
axial model was considered. The model was an axial member
whose left end was fixed and whose right end was attached to an
elastic bar, which represented a fluid medium in a simplistic sense.
The axial bar had an elastic modulus of 20 GPa and density of
2000 kg /m3. It was 10 m long with a cross-section of 0.1
0.1 m2. On the other hand, the attached elastic medium, which
will be called a pseudofluid medium from now on, had an elastic
modulus of 6 GPa and density of 1000 kg /m3. The pseudofluid
medium was very long so as to represent an infinitely long me-
dium. A constant compressive pressure loading of 10 kPa was
applied to the right end of the axial bar as a step function until the
end of response. Because of the pseudofluid medium attached to
the axial member, the axial member dissipates energy as illus-
trated in Fig. 3. The tip displacement at the right end of the axial
member is plotted in Fig. 3. The frequency of the response was
about 60 Hz and the damping factor  was approximately 0.054. If
there were no pseudofluid medium, the natural frequency would
be 79 Hz. Therefore, the pseudofluid medium decreased the fre-
quency and increased the damping ratio significantly.
Fig. 2 Comparison of stresses in the middle of a 3D steel axial
bar with free vibration between being in air and being in water
Fig. 3 Comparison of normalized displacements of the right
end of the 1D axial member whose left end was fixed while the
right end was under a constant compressive loading and at-
tached to an infinite pseudofluid medium; the density and
modulus of pseudofluid medium were varied to determine their
effects on the structural member vibration






































aval Postgraduate School user on 29 April 2020The material property of the pseudofluid was varied to deter-
ine its effect on the structural vibration. As its density was
alved, the frequency increased to 71 Hz while the damping factor
ecreased to 0.048. On the other hand, as the modulus of the
seudofluid decreased by half, the vibrational frequency of the bar
ecreased slightly to 58 Hz and the damping factor decreased to
.037. Examining these results indicated that a lower pseudofluid
ensity or modulus decreased the damping factor. On the other
and, lowering the pseudofluid density increased the frequency of
he solid bar while lowering its modulus decreased its frequency.
The next example studied dynamic responses of an E-glass
omposite plate. The plate was a square plate 0.4 m long and 0.02
thick. The plate was subjected to a constant force of 100 N at
he center in the downward direction. Figure 4 plots the bending
tresses at the opposite side of the force when the plate is in air or
nder water. As expected, water affected the dynamic response of
he composite plate significantly. The peak bending stresses were
educed by almost 30% and the plate’s major frequency was de-
reased.
As a parametric study, the density of the composite plate was
ncreased four times while all other properties remained the same
s before. Dynamic responses of the heavier composite plate are
lso compared between being in air and being under water, as seen
n Fig. 5. Comparing Figs. 4 and 5 clearly illustrates the effect of
he structural density. As the structural density becomes much
reater than the fluid density, the FSI effect becomes much
ig. 4 Comparison of bending stresses at the center of a
quare E-glass composite plate under a constant center force
hile the plate was in air or under water
ig. 5 Comparison of bending stresses at the center of a
quare E-glass composite plate under a constant center force
hile the plate was in air or under water as the density of the
late increased four times as a parametric study
ournal of Pressure Vessel Technologysmaller. On the other hand, an increase of the inplane elastic
modulus of the composite plate by fourfold still shows a signifi-
cant effect of FSI as sketched in Fig. 6. Comparing the effects of
density and elastic modulus of the composite structure on FSI, FSI
was more sensitive to density. In other words, the bending stress
varied more significantly with the structural density while both
density and modulus affected the frequency of the bending stress
as expected. The density decreased the frequency while the modu-
lus increased the frequency.
The next study investigated the FSI effect on a thinner compos-
ite plate. In this case, the composite plate had half the thickness of
the previous plate. In other words, the ratio of plate length to
thickness was 40. The thinner plate was more flexible and the
water effect was more significant for the more flexible plate. Com-
paring Fig. 7 with Fig. 4, it can be observed that the two plates
have different frequencies of dynamic responses due to change of
stiffness and mass. However, the difference between the dry and
wet responses until the first peak is greater for the thinner com-
posite plate as shown in Fig. 7. Thus, the geometry of the structure
also affected the FSI significantly.
The subsequent studies were intended to develop modified dry
structure models, which would be equivalent to the submerged
structural models i.e., wet models with a reasonable accuracy. If
such an equivalent model were successfully developed, it would
reduce the computational and experimental costs significantly.
The first case for this study was a 1D axial bar model, as dis-
Fig. 6 Comparison of bending stresses at the center of a
square E-glass composite plate under a constant center force
while the plate was in air or under water as the inplane elastic
modulus of the plate increased four times as a parametric
study
Fig. 7 Comparison of bending stresses at the center of the
bottom surface of a thinner composite plate „L / t=40… in air
„dry… and under water „wet… conditions










































aval Postgraduate School user on 29 April 2020ussed previously, whose result is shown in Fig. 3. In that analy-
is, the pseudofluid influenced the structural behavior in terms of
oth frequency and damping when compared with the response of
he same dry structure. As a result, the dry structure i.e., 1D axial
ember was modified by an added mass and added damper at the
ree end of the axial member, which was in contact with the
seudofluid, as sketched in Fig. 8. The next step was to determine
roper values for the added mass and damper. Some reasoning as
ell as some trial and error suggested the following values for the
dded mass and damper:
ma =  fVs =  fAsLs 1
ca = zfzs − zf/zs + zf 2
n which ma and ca, respectively, indicated added mass and
amper resulting from the pseudofluid,  f is the fluid density, Vs is
he volume of the structural member, As is the cross-sectional area
f the axial member, Ls is its length, and subscripts s and f denote
he structure and pseudofluid, respectively. In addition, the imped-
nce z can be computed from
zi = AsiEi 3
n which E is the elastic modulus and subscript i is either s or f ,
espectively. As the above equations were used to estimate the
dded mass and damper, and those were attached to the free end
f an axial member, the response of the modified dry axial mem-
er was compared with the same member with pseudofluid as
escribed previously. Figure 9 shows the comparison between the
wo responses. The frequencies between the two models agreed
ell and the damping effect was reasonably well represented by
he modified dry structure.
The next study considered an axial member of dimensions 1
0.20.2 m3 submerged in water, which was modeled using 3D
olid elements in order to model the wet surface area of the mem-
er properly for FSI. The solid member had an elastic modulus of
ig. 8 Modified dry axial member model that substitutes the
xial member submerged under water with FSI
ig. 9 Comparison of tip displacements of 1D axial members
etween the modified dry member with added mass and
amper „modified dry model… and the same axial member in
ontact with pseudofluid „wet model…
31301-4 / Vol. 133, JUNE 201120 GPa and mass density of 2000 kg /m3. In order to make the 3D
axial model as close as possible to a 1D axial member, the value
of Poisson’s ratio was set to zero. The axial member was fixed at
the left end while the right end was subjected to a constant normal
force. The axial member was embedded in a much larger fluid
medium whose density was 1000 kg /m3 with a bulk modulus of
2 GPa. In order to see the energy dissipation of the axial member
through FSI as a function of time, the total energy of the axial
member is plotted in Fig. 10. The energy dissipation becomes
clear in the figure. Furthermore, the 3D wet axial bar model was
represented by an equivalent 1D axial member with added mass
and damping as sketched in Fig. 8. The same added mass as Eq.
1 was applied to the right end node, which was supposed to be in
interaction with fluid. The added damper was computed from
c̃a = z̃ fAszs − z̃ f/zs + z̃ f 4
where  is a constant coefficient to be determined and fluid im-
pedance z̃ f is computed from
z̃ f =  f f 5
and  f is the fluid bulk modulus. As the added mass and damper
were added to the 1D axial member with the same force applied to
the 3D model, its total energy is also plotted in Fig. 10. The total
energy of the 1D model was different from that of the 3D model
as expected. However, the energy dissipation rate was almost the
same between the 3D wet model and the 1D modified model.
Therefore, the energy loss of the structure due to FSI was well
represented by the modified 1D model with an added mass and
damper. For this calculation as well as the following axial bar
simulations,  was selected as 0.5.
As a parametric study, the cross-section of the axial member
was reduced four times i.e., 0.10.1 m2 versus 0.20.2 m2.
That is, the major interaction surface area between the fluid and
the structure was reduced. As expected, the energy dissipation
from the structure to the surrounding water was significantly de-
creased as shown in Fig. 11. Furthermore, the density of the re-
duced cross-sectional bar was decreased by a half. Then, the en-
ergy dissipation increased due to the smaller structural density as
shown in Fig. 12. Again, the 3D wet model and the 1D equivalent
model agreed well for the energy dissipation rate. On the other
hand, the elastic modulus had minimum effect on the energy dis-
sipation.
Another 1D equivalent model was examined for a beam bend-
ing structure. For this study, a beam 0.4 m long with a 0.02
2
Fig. 10 Comparison of total energy variations of axial mem-
bers between 3D wet model and modified 1D model with added
mass and damper; the axial member had a cross-sectional area
of 0.2Ã0.2 m20.02 m cross-sectional area was considered. The same mate-






























aval Postgraduate School user on 29 April 2020ial properties as the previous axial bar were used. The beam was
xed at both ends and a transient force was applied at the center
f the beam. The force varied linearly from 100 N initially to zero
t the time of 0.01 s. After this time, there was no external force
pplied to the beam. For the wet 3D beam model, 3D solid ele-
ents were used again with a large surrounding water medium.
n the other hand, for an equivalent 1D beam model, the added
ass and damping were attached to every beam node as sketched
n Fig. 13. Because the diagonal mass matrix was used for the
eam structure, the added mass was also included in the diagonal
erms of the mass matrix. For the ith beam element with two
odes, the added mass was computed as
ig. 11 Comparison of total energy variations of axial mem-
ers between 3D wet model and modified 1D model with added
ass and damper; the axial member had a cross-sectional area
f 0.1Ã0.1 m2
ig. 12 Comparison of total energy variations of axial mem-
ers between 3D wet model and modified 1D model with added
ass and damper; the axial member had a cross-sectional area
f 0.1Ã0.1 m2, and its density was also reduced by a half
ig. 13 Modified dry beam model that represents the beam
tructure submerged under water with FSI
ournal of Pressure Vessel Technologyma
i =  fV
i/2 6
and its value was added to both nodes of the element. Here, su-
perscript i denotes the ith element and V is the volume of the
beam element. The added damper was also applied to each node
as a diagonal component of the damping matrix and its value was
calculated from the same equation as Eq. 4. However, As in the
equation is the cross-sectional area of the beam element such that
As=2ws
i ls
i , where ws
i is the width of the ith beam element and ls
i is
the length of the element. The constant “2” was applied because
the beam interacts with water on both the top and bottom sides. In
addition, =0.75 was selected. The total energy variation as a
function of time is plotted in Fig. 14. As seen in the figure, the
total energy fluctuation decreases significantly after the external
force becomes zero after 0.01 s. The energy decrease due to FSI is
clearly shown in the figure. Both wet 3D and equivalent 1D mod-
els indicate the energy dissipation very closely.
Finally, so as to further understand the FSI effect, the hydrody-
namic mass was estimated and added to the dry plate. Then, the
dynamic response of the dry composite plate with hydrodynamic
masse, or added mass, was compared with that under water and in
air. The added mass effect is not considered to be uniform
throughout the plate surface. However, for simplicity as the first
approximation, a uniform added mass of  fL
3 /4 was applied to
the composite plate. Here,  f is the water density and L is the
length of a square plate. Figures 15 and 16 plot the bending
Fig. 14 Comparison of total energy variations of beam mem-
bers between 3D wet model and modified 1D model with added
mass and damper
Fig. 15 Comparison of bending stresses at the center point of
the bottom surface of a composite plate in air „dry…, under wa-
ter „wet…, and in air with added mass



































aval Potresses in the composite plate under a constant center force. Fig-
re 15 compares the stress at the plate center for three cases,
amely, in air, under water, and in air with added mass. Figure 16
ompares the same three cases at the quarter point along the di-
gonal line of the plate. As shown in Fig. 15, the dry plate re-
ponse with the added mass matches that of the wet plate for an
arly time. This indicates that the added mass represented the FSI
ffect well up to that time line. This is because the center point of
he plate has the least constraint from the clamped boundaries.
owever, as time went on, the damping effect was not properly
epresented by the added mass only. On the other hand, because
he quarter point is more constrained from the fixed edges, the
niform added mass did not represent the FSI effect properly. The
ffects of added mass and damping on the composite plates and
hells will be studied further in subsequent research.
Conclusions
This study investigated the effect of water on the dynamic re-
ponse of submerged composite structures. Because composite
tructures were very light and only about twice as heavy as the
ater for E-glass composites, the effect of FSI was very signifi-
ant. The FSI completely changed the structural dynamic behav-
ors such as frequencies, damping, and magnitudes. This would
hange also the failure of composite structures under water, which
s under ongoing study.
By comparing the wet structural response to the dry structural
ig. 16 Comparison of bending stresses at the quarter point
long the diagonal line of the bottom surface of a composite
late in air „dry…, under water „wet…, and in air with added massesponse, it could be observed that a change of density of a struc-
31301-6 / Vol. 133, JUNE 2011ture played a more important role on FSI than elastic modulus.
Furthermore, the interaction area between the fluid and structure
was also significant for FSI.
Modified dry structural models for axial bar and beam struc-
tures were developed to represent the structural behavior under
water by adding properly estimated mass and damping terms. The
former models provided reasonable accuracies in terms of energy
dissipation through the surrounding water medium. These models
can save expensive computational or experimental costs to predict
the wet structural behavior. Modified dry models for composite
plates and shells representing such wet structures would be devel-
oped in subsequent research.
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